X-Ray diffraction experiments, thermal analyses and EDX spectroscopy were performed to determine the structural and thermal properties of the solid solutions Ag 10 Te 4−q S q Br 3 and Ag 10 Te 4−p Se p Br 3 . The present investigation completes the work on silver(I) (poly)chalcogenide halides, a new class of mixed electron and ion conductors, with the general composition Ag 10 Q 4 X 3 (Q = chalcogen and X = halogen). A high silver mobility within the polytelluride substructure and a pronounced polymorphism are characteristic features of these solid electrolytes. Phase transition temperatures are reduced upon the substitution of Te by the lighter homologs Se and S. Even low degrees of substitution lead to significantly lower phase transitions for the high-temperature polymorphs compared with Ag 10 Te 4 Br 3 . A permanent disorder within the silver substructure is present for the maximally substituted sulfur containing phases.
Introduction
The ternary system silver-chalcogen-halogen has been investigated for more than 30 years now. Compared with the copper-and gold-chalcogen-halogen systems the silver system is the one with the highest number of known ternary phases [1] . All ternary compounds are exclusively located on two different sections of the ternary phase diagram. AgIQ 3 (Q = Se, Te) [2, 3] and AgITe [4] are two members of the AgX-chalcogen section (X = halide) characterized exclusively by covalently bonded chalcogenide substructures. The remaining ternary compounds can be found on the quasi binary section AgX-Ag 2 Q (Q = chalcogen). Ag 6 TeBr 4 [5] was only postulated from electron diffraction experiments but could not be reproduced since then. A lot of interdisciplinary scientific work was spent on the characterization of Ag 3 SX (X = Br, I) [6 -8] due to the high silver ion conductivity. Ag 5 Te 2 Cl [9 -11] and substitution variants [12, 13] are silver ion conductors showing a large stability range indicating a partial anion exchange and an interesting sil-0932-0776 / 08 / 0600-0629 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com ver ion mobility [14] . The same observation regarding the substitution variability was made for the Ag 3 SX (X = Cl, Br, I) system [15, 16] .
Recently, the first representative of a new class of silver ion conductors, Ag 10 Te 4 Br 3 , was reported [1] . It represents the first member within the phase field AgXAg 2 Q-Q featuring both isolated and covalently bonded chalcogen substructures. A structural frustration of the predominantly covalently bonded tellurium substructure and a pronounced polymorphism [17] are characteristic features of this compound. Four different polymorphs have been identified in the temperature range between 3 and 473 K with phase transition onset temperatures of T δ −γ = 290, T γ−β = 317 and T β −α = 355 K, respectively. Partial substitution of bromide by other halides led to significant changes of these phase transition temperatures for the different polymorphs [18] . The partial exchange of Br by I led to a decrease of the transition temperatures while an increase was observed in the case of a partial Cl substitution.
The present work is dealing with the effects of a partial chalcogenide substitution on the structural and thermal properties of Ag 10 Te 4 Br 3 . X-Ray phase analyses, single crystal X-ray structure determinations and thermal analyses have been performed to delineate these effects. 
Results and Discussion
Phase analytical X-ray powder diffraction analyses at 293 K proved a Vegard-like behavior [19] of the solid solution Ag 10 Te 4−p Se p Br 3 (Fig. 1) .
The maximum degrees of substitution are q = 0. shows the characteristic reflections of the α-type but also some very broad and small reflections of the β -type (marked with arrows in Fig. 2 ). This finding can have two reasons: A small deviation in composition from crystal to crystal which often occurs in the case of solid solutions, or the close neighborhood of the phase transition temperature at r. t. in combination with a certain hysteresis of the transition itself.
The partial substitution within the anion substructure resulted in a continuous change in the structural and thermal properties of the solid solutions. Thermal analyses revealed a continuous decrease of the phase transition temperatures for the selenium containing samples up to the maximum degree of substitution of p = 0.4 in Ag 10 Te 3.6 Se 0.4 Br 3 (Fig. 4) .
The temperature of the β -α transition decreases continuously from 385 K for the ternary sample to 357 K for the maximally substituted selenium sample (see Table 2 ). Starting with Ag 10 Te 3.8 Se 0.2 Br 3 up to the maximum degree of substitution no transition to the fully ordered γ-phase is observed. A comparable trend of the thermal properties is observed for the sulfur containing sample. The maximum degree of sulfur substitution is significantly lower (q = 0.2 in Ag 10 Te 3.8 S 0.2 Br 3 ) compared with the selenium solid solution.
This finding is directly related to the ionic radii of the chalcogenide ions (r(S 2− ) = 1.70Å, r(Se 2− ) = 1.84Å for CN = 6 [20] ) substituting tellurium in the ternary compound. A chalcogen exchange with lighter homologs of tellurium is possible but only up to a maximum of ten atom-% Se or five atom-% S. Obviously, the chalcogenide substitution can be used to stabilize the high-temperature polymorphs at lower temperatures. This procedure is well known for solid state electrolytes and is applied for example in the case of yttrium stabilized zirconia to achieve high oxygen conductivities at low temperatures [21, 22] for electrochemical applications [23 -25] . The control of thermal and electrical properties can play a role for applications like non-volatile memory devices and atomic switches which require a good mixed conductor to create nanosized dots for information storage [26] . Recent devel-opments have shown that silver compounds like amorphous [27] or crystalline Ag 2 S [28] are suitable for such applications.
Obviously the chalcogen substitution drastically changes the thermal properties, and the question arises whether the substitution has a significant effect on the structural features of the compounds. Two single crystal structure determinations have been performed for Ag 10 Te 3.8 S 0.2 Br 3 and Ag 10 Te 3.6 Se 0.4 Br 3 at 293 K, the maximally substituted phases, in order to substantiate the findings from phase analytical experiments, and to determine the realized polymorphs at that temperature. Fig. 5 illustrates the four existing polymorphs of the Ag 10 Te 4 Br 3 structure type [17] . A detailed structure description and discussion is reported for the ternary compound [1, 17] , and only a short summary of characteristic features is given here (caption of Fig. 5 ).
Several problems, caused by the high degree of expected disorder and by the element combinations (Br/Se) for the present compounds (see Experimental Section for further details), appeared during the structure determination of the quaternary samples. Even after several homogenization and annealing steps and an optimization of the synthesis temperatures we were not able to prepare well scattering crystals to perform joint probability density function analyses. Nevertheless the quality was sufficient to collect data, and to determine the structures of the realized polymorphs. Some of the silver positions were described by a non harmonic approach due to the high silver mobility but no further discussion about structural parameters and compositions is appropriate due to the afore mentioned problems. The composition of the single crystals was confirmed by EDX measurements (see Table 5 ), and the quality of the structure determination was checked by a comparison of the calculated and measured powder diffractograms (Fig. 6) .
Crystallographic data are summarized in Ta the results of the thermal analysis but in agreement with the X-ray powder phase analysis. The broad β -α-phase transition in Ag 10 Te 3.8 S 0.2 Br 3 lasts from 323 to 413 K while the structure determination was performed at 293 K just below the detected temperature range. Obviously the large difference in the chalcogenide radii results in a hysteresis of the phase transition which does not occur in the case of selenium substitution.
Conclusion
In the present study the structural and thermal properties of the solid solutions Ag 10 Te 4−(q,p) Q (q,p) Br 3 with Q = S, Se were investigated. Thermal analyses proved the existence of phase transitions in good accordance with the non-substituted compound. Two structure determinations of the maximally substituted compounds substantiated the isostructural relation to the title compounds with the α-and β -Ag 10 Te 4 Br 3 structure type. The maximum degree of substitution was identified for both solid solutions. It differs significantly and is dependent on the chalcogen used. Five atom-% of tellurium can be replaced by sulfur, (2) and twice as much can be realized with selenium (10 atom-%). The difference in the degree of substitution is directly correlated with the size of the replacing ions. A significant lowering of the phase-transition temperatures occurrs after substitution in both cases.
In combination with the previously reported solid solutions Ag 10 Te 4 Br 3−x Cl x and Ag 10 Te 4 Br 3−y I y the present study reflects the large structural variability of the silver(I) (poly)chalcogenide halides. The variation of phase-transition temperatures, the mixed conductivity and the reasonable stability of the samples against humidity, light and oxygen is remarkable and may be interesting for industrial applications.
Experimental Section

Synthesis
The solid solutions Ag 10 Te 4−q S q Br 3 and Ag 10 Te 4−pSe p Br 3 were prepared by mixing silver (Chempur, 99.9 %), tellurium (Chempur, 99.999 %), selenium (Chempur, 99.999 %), sulfur (Chempur, 99.999 %) and silver(I) bromide (Chempur, 99+ %) in defined molar ratios according to the expected compositions. Starting from ternary Ag 10 -Te 4 Br 3 the tellurium substructure was substituted by either sulfur or selenium in steps of q, p = 0.1 up to the maximum degrees of substitution. All starting materials were transferred to quartz ampoules, sealed at pressures lower than 10 −3 mbar and heated up to 1223 K. The mixtures were quenched in an ice bath. After a homogenization step the mixtures were annealed at 613 K (Ag 10 Te 4−p Se p Br 3 ) and at 603 K (Ag 10 Te 4−q S q Br 3 ) for 10 to 14 d for each run. The homogenization and annealing process was repeated up to ten times in order to achieve phase purity of the samples. After each homogenization step the purity was checked by X-ray powder diffraction experiments. The compounds are light-and moisture-stable and can be stored and handled in air for several month.
Thermal analysis (DSC)
Thermal analyses (DSC) were performed using a Netzsch DSC 204t instrument under N 2 atmosphere in aluminum crucibles. The temperature and enthalpy calibration was done at different temperatures using Hg, In, Sn, Bi, Zn and CsCl at a heating rate of 10 K/min. An accuracy of ±1 K could be estimated from the calibration measurements for onset values. A temperature range of 113 to 473 K was applied to each sample under discussion. At least two consecutive runs were measured for each sample in order to check the reversibility of the observed effects. All results are derived from the second heating run for each sample. A standard deviation of ±2 K was estimated for the derived values at the peak maxima due to the signal broadening at this position.
X-Ray powder and single crystal diffraction experiments
X-Ray powder diffraction phase analyses were performed to verify the phase purity and the maximal degrees of substitution for the solid solutions Ag 10 Te 4−q S q Br 3 and Ag 10 Te 4−p Se p Br 3 . Finely ground samples were examined using a Stoe StadiP X-ray powder diffractometer operating with CuK α1 radiation (λ = 1.54051Å) and equipped with a linear 5 • position-sensitive detector (PSD, Braun). Silicon was used as an external standard. A comparison of measured and calculated powder diffractograms was performed for each of the existing polymorphs of the Ag 10 Te 4 Br 3 structure type (data from [17] ).
Single crystals of suitable size were separated from the bulk materials of the nominal compositions Ag 10 Te 3.8 S 0.2 Br 3 and Ag 10 Te 3.6 Se 0.4 Br 3 . Intensity data were collected on a Stoe IPDS II diffractometer, fitted with MoK α radiation (λ = 0.71073Å). All data sets were corrected for Lorentz and polarization effects, and a numerical absorption correction was applied prior to the structure refinements. The numerical absorption correction for each data set was performed after an optimization of the crystal shape from symmetry equivalent reflections [29] . Structure models were derived from Ag 10 Te 4 Br 3 assuming an isostructural behavior of the substituted phases after the identification of the realized polymorph. It was not possible to refine [30] the silver distribution and the chalcogen contents simultaneously due to the high degree of disorder and the critical element combinations (for X-ray diffraction experiments) like Br/Se. Because of the pronounced substitutional disorder of the chalcogenide substructure and the obvious dynamic disorder within the cation structure several restraints were applied prior to the refinements.
For Ag 10 Te 3.8 S 0.2 Br 3 a refinement of the chalcogen composition was not possible due to the low sulfur content. If sulfur and tellurium were introduced in the chalcogen positions the occupancy parameters did not show significant sulfur contents. Crystallographic data of the two refinements with and without a sulfur contribution are given for comparison in Table 3 . Atomic coordinates are only presented for the refinement without a sulfur content in Table 4 . Nevertheless, the occurrence of the α-phase at 293 K clearly indicates the incorporation of sulfur into the sample. For pure Ag 10 Te 4 Br 3 the γ-phase can be observed at this temperature.
In the case of Ag 10 Te 3.6 Se 0.4 Br 3 the chalcogen composition was set to the ideal value according to the starting composition. A free refinement of the chalcogen composition resulted in selenium contents higher than the maximum degree of substitution observed from phase analyses. Also the silver content dropped significantly below the ideal value of ten atoms per formula unit in this case. If the chalcogen composition was restricted to the ideal value a free refinement of the silver content resulted in ten atoms per formula unit within one times the standard deviation. Due to the limited quality of the data (reflected by the statistical parameters) especially for the selenium containing compound, we refrain from a discussion of the structural parameters in great detail. Notwithstanding, the data are in support of the conclusions drawn from the thermoanalytical and phase-analytical measurements of the realized polymorphs.
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition numbers CSD-418780 (Ag 10 Te 3.6 -Se 0.4 Br 3 ) and CSD-418781 (Ag 10 Te 3.8 S 0.2 Br 3 ).
EDX analyses
Semiquantitative analyses of the single crystals used for structure determinations were performed using a Leica 420i scanning electron microscope equipped with an energy dispersive detector (EDX, Oxford). Ag, HgTe, Se, FeS 2 and KBr were used as standards for calibration. A voltage of 20 kV was applied to the samples. Low amounts of sulfur and selenium were detected for the two single crystals used for structure determinations. The results are summarized in Table 5 .
